The results of the cytologic analysis of FNAB specimens from the glass slides were paired with the results of the histopathologic assessment of samples obtained during total or subtotal thyroidectomy, and were subjected to further molecular analyses. The major exclusion criterion was incomplete medical records of a patient. Only patients who were not receiving any treatment at the time of diagnosis and who had no other endocrine disorders or cancer were included. The characteristics of patients are presented in The diagnosis of FLUS and SFN was established on the basis of assessment by qualified pathologists and cytologic reevaluation of the FNAB specimens. For each patient, we recorded the age at diagnosis, sex, tumor size, multifocality, extrathyroidal extension, the presence of histopathologic signs of chronic lymphocytic thyroiditis (CLT), and histopathologic staging (pathological TNM) according to the 8th TNM classification. 12 All data were analyzed according to final postoperative histopathologic diagnoses (TABLE 2) .
Tumors were regarded as multifocal when 2 or more foci were found. In the case of multifocality, the size of the tumor was recorded as the size of the largest focus. All samples were anonymized prior to analysis.
Genomic DNA extraction The areas of interest were indicated by a qualified pathologist from the 25 FNAB specimens; waste material after establishing a cytologic diagnosis, fixed with Cytofix TM (BD Biosciences, San Jose, California, United States), and the unstained slides were manually microdissected. Genomic DNA was extracted using a QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia, California, United States), according to the manufacturer's instructions. Genomic DNA was quantified using a Qubit fluorometer (Invitrogen, Carlsbad, California, United States), and Nano Drop spectrometer (Thermo Fisher Scientific, Carlsbad, California, United States). The DNA quality, purity, and integrity were tested.
Next -generation sequencing The 50 -gene Ion Am-pliSeq Cancer Hotspot Panel v2 (CHPv2; Thermo Fisher Scientific) with the Ion Torrent TM Personal Genome Machine platform (Thermo Fisher Scientific) was used for all experiments. The analytically and clinically validated panel enables to amplify 207 amplicons, covering approximately 2800 mutations deposited in the Catalogue of Somatic Mutations in Cancer (COSMIC) database from 50 oncogenes and tumor -suppressor genes commonly mutated in human cancers listed in Supplementary material , Table S1 . The Ion AmpliSeq Library Kit, v. 2.0 (Thermo Fisher Scientific), was used to amplify 10 ng of DNA according to the manufacturer's instructions. Sequencing beads were templated and enriched using the Hi -Q Template OT2 200 Kit (Thermo Fisher Scientific). The libraries were barcoded with the Ion Xpress Barcode Adaptors Kit (Thermo Fisher Scientific), clonally follicular thyroid adenoma and follicular thyroid cancer (FTC) is possible only on the basis of a histopathologic assessment of vascular or capsular invasion (or both), 7 thus making surgery unavoidable. 8 To avoid the need for a diagnostic surgery, new markers of presurgical differentiation between follicular thyroid adenoma and FTC are being extensively studied. Currently, one of the main areas for research is the identification of genetic alterations that may become markers of malignancy. 9 The BRAF, 167 Gene Expression Classifier (GEC), and ThyroSeq tests are dedicated to the assessment of indeterminate thyroid nodules. 10 However, they have not yet provided the results that would be sufficiently accurate for routine clinical use, 10 while the comprehensive assessment of the genetic background of AUS/FLUS, FN/SFN, as well as FTC (not covered in the Cancer Genome Atlas Program) is still lacking.
The aim of the present study was to assess the genetic background of indeterminate thyroid nodules based on the material from FNAB samples in order to identify a mutational status that might facilitate the understanding of these nodules. We also aimed to discover novel genetic pathways potentially involved in FTC.
PATIENTS AND METHODS Patient characteristics and clinicopathologic analysis
We retrospectively assessed 25 randomly selected white patients (2 men and 23 women; median age at diagnosis, 46 years [range, 28-68 years]) from the department of endocrinology at a single reference tertiary care hospital, who subsequently underwent thyroidectomy. The analysis covered the data collected between 2014 and 2018. We included patients who were preoperatively diagnosed with a thyroid nodule and who underwent FNAB, with a resulting cytologic diagnosis of an indeterminate thyroid nodule. Among the study group, 16 patients were diagnosed with FLUS, and 9 patients, with SFN, according to the most recent 2017 World Health Organization criteria. 11 The study was approved by the Bioethical Committee of the Poznan University of Medical Sciences (decision no. 1016/15) and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients.
WHAT'S NEW?
Despite developed diagnostic methods for thyroid nodules, fine needle aspira tion biopsy (FNAB) may still provide inconclusive results. This is the first study evaluating a wide panel of potential malignancy markers in material obtained from glass slides with FNAB specimens. We showed that the heterogeneity in the genetic background of indeterminate thyroid nodules corresponds to their histopathologic diversity. Of the gene mutations studied, the KDR gene tended to be more common in malignant samples and may be a possible malignancy marker. Glass slides with FNAB samples were shown to be a reliable source of genetic material for NGS studies.
the Ion Reporter with the AmpliSeq CHPv2 single -sample workflow and default settings. The Variant Caller plugin included in Torrent Suite Software v.3.6 (Thermo Fisher Scientific), as well as the MutationTaster2 algorithm, were used to identify variations in target regions (http://www.mutationtaster.org). We categorized variants according to whether they comprised a stop codon, nonsynonymous, or frameshift mutation in the exonic region. Each of the identified genetic variations was coded according to the plus strand of the human genome assembly hg19 (Ensembl, www.ensembl. org). The limit of detection was a 5% mutational allelic frequency at 250 × coverage depth for each tested region.
amplified by emulsion polymerase chain reaction in vitro on the Ion PGM Template OneTouch 2 system (Thermo Fisher Scientific). Ion Sphere Particles with DNA were isolated and sequenced on Ion 318v2 Chip using the Hi -Q Sequencing Kit according to the manufacturer's protocols (Thermo Fisher Scientific).
Mutation analysis Data obtained from genomic experiments were subjected to analysis using dedicated software (Ion Torrent, Thermo Fisher Scientific).
Torrent Suite Software v.5.2 (Thermo Fisher Scientific) was used for signal processing, mapping, and quality control. The sequence variants were called and data were analyzed using . The results showed that 10 samples (56% of all samples with benign diagnosis) harbored mutated genes. The most common was RET (n = 8; 80%), followed by TP53 (n = 7; 70%), FLT3 (n = 6; 60%), APC (n = 6; 60%), and PDGFRA (n = 5; 50%). In contrast, among the samples with malignant diagnosis, mutations were detected in 4 (24%). The most frequent were KDR and RET (both n = 3; 75%), followed by TP53 (n = 2; 50%). The KDR mutation tended to be more common in cancer samples than in benign ones (n = 3; 75% vs n = 2; 20%; P = 0.1). The ERBB4, IDH1, JAK3, PTEN, RB1, and SMAD4 mutations were only found in benign samples. There were no mutations found exclusively in cancer samples. The genetic landscape of both groups is presented in FIGURE 1. The total number of mutated genes was significantly higher in patients with benign tumors (17 vs 11, P = 0.02). The mean total number of mutations per every specimen did not differ between groups (4.9 mutations per sample for the entire group; range, 1-9). The distribution of mutations, type of genetic changes (point mutations [single nucleotide variants: intron, missense, synonymous variants] as well as duplications, insertions, and deletions), and the results of in silico analyses are presented in TABLE 3. DISCUSSION In our study, we assessed the genetic alterations of indeterminate thyroid nodules in preoperative FNAB specimens, using a large NGS panel. The results showed that the genetic heterogeneity of the FLUS and SFN samples in our patients corresponded with the heterogeneity of the final histopathologic diagnoses. A total of 17 mutated genes were found. Also, the number of mutations in individual samples was high, with a mean of 4.9 mutations per sample. This heterogeneity may be due to different routes of proliferation and differentiation, 16 driven by completely different signals for benign and malignant diagnoses, 17,18 as well as tumor heterogeneity. 19 The latter can be divided into intertumor heterogeneity, which shows diverse genetic alterations based on the tumor sites, and intratumor heterogeneity, which contains different genetic alterations within the same tumor. 20 Intratumor heterogeneity may derive from specific morphohistologic features, whereas at the molecular level, clonal intratumor heterogeneity originates from genomic instability, and nonclonal, from a microenvironment interaction. 21 An extremely diverse genetic background, aggressive clone, and tumor heterogeneity in thyroid cancer have been described before.
22-24
The overall malignancy rate in our patients was 28%. The previously described rates showed a considerable variation. For AUS / FLUS, the rates of 12%, 25 26.6%, 26 and 29.9% 27 were reported, and for FN / SFN, 10.6%, 28 20.8%, 29 32.6%, 30 37%, 31 49%, 32 and up to 53%. 33 The discrepancies may relate to random variation, prior patient selection such as through referral bias, or institutional To analyze a putative function of mutations as driver mutations, we used 4 separate programs: SIFT (Sorting Tolerant From Intolerant) algorithm, 13 PolyPhen -2, 14 MutationTaster2, 15 as well as FATHMM (Functional Analysis through Hidden Markov Models v2.3), which result in an index, calculated with a high -throughput webserver, able to predict the functional consequences of coding variants (ie, nonsynonymous single nucleotide variants) and noncoding variants to distinguish between cancer -promoting or driver mutations and other germline polymorphisms.
The following databases were for the presence of particular mutations and their previous reports: COSMIC v89, dbSNP v151, 1000 Genome Project, ClinVar, and ExAC v1.0.
Statistical analyses
The parameters were recorded and entered into a dedicated database. Descriptive analysis was used to summarize the collected data. To determine the normality of continuous variables, data were tested by the D'Agostino and Pearson omnibus normality test. We expressed the variables that were found to be normally distributed as means and respective standard deviations. Data that were found to be distributed otherwise were expressed as median and minimum-maximum values.
To compare differences between groups, the Fisher exact test (2 × 2 contingency table) for categorical variables was used. Interval data were compared using the Mann -Whitney test or the Kruskal -Wallis test with post -hoc Dunn tests because the data did not follow a normal distribution. Odds ratios (ORs) and 95% CIs were calculated using the group of patients diagnosed with follicular adenomas as the reference population. We assessed a correlation between the number of mutations in a single patient and their age with the Pearson r correlation test and calculated the concordance rates.
A P value of less than 0.05 was considered significant. All statistical analyses were performed with StatSoft Statistica v12.0 (StatSoft, Kraków, Poland) and Analyse -it for Microsoft Excel v3.53 software (Analyse-it, Leeds, United Kingdom).
RESULTS
The most common final benign diagnosis on histopathologic examination was a hyperplastic nodule (n = 15; 60%), followed by a follicular adenoma (n = 3; 12%). The most common malignant diagnosis was papillary thyroid cancer, diagnosed in 6 patients (24%): TNM stage pT1aN0M0 in 3 patients (50%) and pT2N0M0 in the other 3 patients (50%). The malignancy rate was 28% (18.8% and 44.4% for FLUS and SFN, respectively). The final malignant diagnosis more often coexisted with CLT than benign diagnosis (OR, 12; 95% CI, 1.16-123.69; P = 0.03; TABLE 2).
Any mutation from the 50 -gene Cancer Hotspot Panel v2 was identified in 14 patients, which constituted 56% of all FLUS and SFN samples. The RET mutation was detected in 11 patients (79% of the samples, regardless of the final TP53). 38-40 The quality of DNA obtained from cytology specimens is considered to be better than that of formalin -fixed paraffin -embedded tissue. 20 Besides, as previously reported, NGS can also provide information on routine smears that have suboptimal DNA input quantity and quality as well as post -sequencing metrics. 41 Ultrasound features considered to be predictors of malignancy do not allow a reliable differentiation between malignant and benign nodules, 3 neither do the GEC or the ThyroSeq v2 tests. 42 Therefore, our goal was to identify novel genetic pathways potentially involved in FTC. KDR and RET (both present in 75% of samples), followed by TP53, were among the most common mutated genes found in our study in patients with a cancer diagnosis. KDR tended to be more common in malignant than benign samples, and as such, it appears to be a possible candidate as a genetic marker for malignancy. Its role was previously reported in breast cancer. 43 KDR encodes kinase insert domain receptor of the vascular endothelial growth factor, which acts as a mediator in the regulation of angiogenesis, vascular development, vascular permeability, and embryonic hematopoiesis, as well as promotes proliferation, survival, migration, and differentiation of endothelial cells. KDR gene mutations may play a major role in tumor angiogenesis. 44 differences in pathologic interpretation. 26 Nonetheless, the CIs reported in those series largely overlap with those in the current study, further supporting cancer incidence in FLUS and SFN shown by our group.
In recent years, significant advances have been made in thyroid cancer research. Molecular diagnostics of thyroid nodules extend the initial diagnostics of thyroid cancer, and molecular tests help distinguish between benign and malignant nodules, particularly in indeterminate FNAB results (Bethesda III-V). 2 The fast -evolving NGS technology offers a cost -effective approach in cancer genomics and thyroid cancer. 20 The NGS has already been used to study indeterminate thyroid nodules also based on DNA acquired from preoperative FNAB specimens. 27,34,35 However, instead of commercially available thyroid--specific panels such as the 7 -gene panel test, which covers a limited number of gene alterations (BRAF and NRAS/HRAS/KRAS point mutations and RET/PTC and PAX8/PPARg translocations), 36 or its successors (v2, v2.1, and v3), 37 we used a large NGS panel of not only thyroid--specific genes. The panel, in addition to BRAF, RAS, and RET hotspot mutations, covers numerous other genes involved in thyroid carcinogenesis and malignant progression (eg, AKT1, APC, ATM, CTNNB1, PI3CKA, PTEN, RB1, and Aiming to increase the homogeneity of the group and the reliability of results, we opted only for the FLUS and SFN samples.
In conclusion, our study shows that the heterogeneity of the genetic alterations of indeterminate thyroid nodules corresponds to its histopathologic heterogeneity, which may be even higher for benign tumors. The role of KDR as a potential malignancy marker needs to be confirmed, as does the possible role of ERBB4, IDH1, JAK3, PTEN, RB1, or SMAD4 as the markers of indolent thyroid tumors. Glass slides with FNAB samples may constitute a reliable source of genetic material for NGS analysis. The new genetic pathways for FTC should be searched for using new sequencing technologies, such as NGS with large gene panels, to improve our understanding of the genetics of thyroid nodules and its overlap with other malignancies. Consequently, it may facilitate a more effective preoperative cancer diagnosis of thyroid nodules.
The number of mutated genes was higher in the group with benign diagnosis. This may indicate the complex genetic background not only of thyroid cancers but also of follicular adenomas or other benign nodules. For instance, a determination of the tumors and malignant transformation is still related to common KDR, RET, and TP53 alterations, which may result from subclonal evolution. Both KDR and RET encode kinase domain receptors. The important presence of the RET gene mutation and its possible diagnostic value for identifying benign tumors have been previously described by our team. 45 However, the high level of genomic dysregulation found in benign tissue, as reflected by a high number of identified mutations and exclusive contribution of the mutated ERBB4, IDH1, JAK3, PTEN, RB1, or SMAD4 genes (not found in malignant cases) as the markers of indolent thyroid tumors, requires further comprehensive studies. The lack of the BRAF mutation, reported also in other FTC studies, 46 and the occurrence of KDR and RET may encourage further research of new genetic pathways of follicular malignancy. The in silico analyses showed that numerous mutations commonly occur in other malignancies, showing a possible intersection of cancer pathways, beyond the previously known ones for thyroid cancer. The detailed description of genetic findings shows that the mutations interpreted by various algorithms as benign or possibly benign have been reported to occur in various other malignancies, which may prove that the role of particular mutations may be more complex and our understanding of them still incomplete. The specific role of each variant is to be determined in functional studies.
Another interesting finding is that the malignant final diagnosis showed a high degree of correlation with CLT. This is in line with previous reports showing that in patients with differentiated thyroid cancer, the occurrence of CLT was higher than in those with benign thyroid diseases. 47 This link was also studied in detail regarding CLT -associated clinicopathologic features of thyroid cancer. 48 Although the Polish population is in part considered to have iodine depletion, 49 previous research showed no differences in genetic alterations of thyroid cancers between iodine -rich and iodine -deficient countries, which may suggest that iodine intake might not affect the genetic alterations of differentiated thyroid cancer. 50 This makes our study findings even more generalizable.
The major limitation of our study is the small number of the analyzed cases. Therefore, the conclusions should be formulated with caution, and a much larger group of patients is needed to clarify the clinical importance of the findings. However, this preliminary study emphasizes the potential utility of applying a broader NGS panel to describe the genetic background of indeterminate thyroid nodules. Despite the lower statistical power, the present results indicate the genetic heterogeneity of indeterminate thyroid nodules.
